Absrracr-We present a simple analytic method to determine the intrinsic anisotropy energy K , , and the easy axis orientation S of a uniaxial anisotropic thin film by analyzing the torque curve.
Pastor et a1. [7] have developed exact methods to obtain magnetic anisotropy energy in magnetic thin films having a uniaxial anisotropy. Since all those methods have assumed that the easy axis orientation was already known, either in-plane or normal to plane, the methods are not applicable to the situation where the easy axis orientation is unknown in advance. In this paper, we report a simple analytic method to simultaneously determine both the anisotropy energy and the easy axis orientation in a magnetic thin film having a uniaxial anisotropy, using a measured torque curve.
A film is assumed to have a uniaxial anisotropy with a single easy axis making an angle 6 with the film normal, as seen in Fig. 1 . We consider only the first order anisotropy energy anstant K,, and ignore any higher order terms. Because of the shape, we consider a shape anisotropy energy K, of 2 n y Z is present in the film plane, where M, is the saturation magnetization. We where the first, second, and third terms correspond to the uniaxial anisotropy energy, the shape anisotropy energy, and the magnetic field energy. Since the magnetization vector will be oriented to minimize the total energy of the system, (aE/88)=0 at equilibrium. Therefore, at equilibrium one obtains K,, sin2(8-S)-K$128-QH sin(+-e)=O.
(2)
Since the torque T experienced by the film is given by
from Eqs. (2) and (3) the torque T at equilibrium is given by
Let T~ be the magnitude of the peak value in the measured torque curve, +, be the angle where the torque is zero in the first quadrant, and bl and +2 be the angles where two consecutive peaks occur as shown in Fig. 2 . Since T(+J=O, from Eqs. (3) and (4) one can obtain the relation : K, sin2+, = K,, sin2(+,-6). where the negative sign is taken when the positive peak comes first and the positive sign is taken when the negative peak comes
where the upper signs of iP are taken when the positive peak comes first and the lower signs are taken when the negative peak comes first. Adding Eqs. (6.1) and (6.2) gives
Since this must be satisfied for arbitrary values of K, and K,, one should have 
lU. TEST O F THE THEORY
We used TbFe thin films prepared at various angles of incidence to test the validity of the method discussed in this paper, since the easy axis orientation as well as the intrinsic anisotropy can be changed with the angle of incidence. Details of the sample preparation of the TbFe samples have been reported elsewhere [SI. In Table I , we list the magnetic parameters of
TbFe films prepared at several angles of incidence. Here, a is €he angle of incidence, iP and 4, are experimental values obtained from the measured torque curves, K, is the shape anisotropy ' energy obtained from the measurement of M, using a vibrating sample magnetometer, and K,, and 6 are calculated values obtained using Eqs. (14) and (15). In Table I , a rapid increase of K, with the angle of incidence is mainly ascribed to a change of the "effective" Tb concentration, presumably due to an increasing amount of Tb oxidation with the angle of incidence since more voids are expected to exist in a film deposited at a higher angle of incidence as reported in Ref. 8. We define the "effective" Tb concentration as the amount of Tb which is magnetically active. Putting the values of K,, and 6 in Table   I into Eqs. (3) and (4), the torque curves could be numerically generated as a function of 4. In Fig. 3 we compare the experimental torque curves of three TbFe samples obtained in an applied magnetic field of 20 kOe with the theoretical ones.
It can be seen that in general the theoretical values match well to the experimental torque curves, irrespective of the easy axis orientation. 
N. CONCLUSION
We have developed explicit analytical equations to simaltaneously determine the intrinsic anisotropy energy and the easy axis orientation using the peak torque value and the angle where the torque is zero in a measured torque curve. We have confirmed that the experimental torque curves of TbFe thin films prepared at oblique incidence match well to the theoretical curves within 10% accuracy.
